Paracrine signaling by bone-marrow-derived mesenchymal stem cells (MSCs) plays a major role in tissue repair. Although the production of regulatory cytokines by MSC transplantation is a critical modulator of tissue regeneration, we focused on exosomes, which are extracellular vesicles that contain proteins and nucleic acids, as a novel additional modulator of cell-to-cell communication and tissue regeneration. To address this, we used radiologic imaging, histological examination, and immunohistochemical analysis to evaluate the role of exosomes isolated from MSC-conditioned medium (CM) in the healing process in a femur fracture model of CD9 2/2 mice, a strain that is known to produce reduced levels of exosomes. We found that the bone union rate in CD9 2/2 mice was significantly lower than wild-type mice because of the retardation of callus formation. The retardation of fracture healing in CD9 2/2 mice was rescued by the injection of exosomes, but this was not the case after the injection of exosomes-free conditioned medium (CM-Exo). The levels of the bone repairrelated cytokines, monocyte chemotactic protein-1 (MCP-1), MCP-3, and stromal cell-derived factor-1 in exosomes were low compared with levels in CM and CM-Exo, suggesting that bone repair may be in part mediated by other exosome components, such as microRNAs. These results suggest that exosomes in CM facilitate the acceleration of fracture healing, and we conclude that exosomes are a novel factor of MSC paracrine signaling with an important role in the tissue repair process. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1620-1630 
INTRODUCTION
Poor or impaired recovery from fractures is an increasingly important problem in aging societies. Although most fractures are repaired through intramembranous ossification and endochondral ossification, in approximately 10% of cases, union is delayed or compromised because of impaired blood supply and recruitment of homing stem cells, excessive damage to the periosteum, inadequate immobilization, or infection at the injury site [1] . Although autologous bone transplantation and vascularized bone grafts have been performed for delayed-union or nonunion fractures [2] , current therapies are often ineffective. An improved understanding of the molecular mechanisms underlying bone repair is needed to inform the development of new therapies for patients with delayed-union or nonunion complications from fractures.
Transplantation of stem cells, such as bonemarrow-derived mesenchymal stem cells (MSCs), promotes tissue regeneration, including fracture healing [3] [4] [5] . Many studies indicate that transplanted MSCs contribute to tissue regeneration by mechanisms other than differentiation and direct tissue integration [6] [7] [8] [9] . Therefore, paracrine signaling by MSCs is attracting attention as a potential mechanism to explain the effect of these cells on tissue regeneration. The paracrine effect is mediated by proteins such as cytokines and chemokines with antiapoptotic, anti-inflammatory, antioxidative, and proangiogenic properties [10] . MSC-conditioned medium accelerates callus formation, and monocyte chemotactic protein-1 (MCP-1) and stromal cell-derived factor-1 (SDF-1) are essential in the initial phase of fracture healing by regulating the recruitment and differentiation of MSCs and other progenitor cells [11] [12] [13] [14] .
Recently, extracellular vesicles, including exosomes, have attracted increasing attention as mediators of cell-to-cell communication [15, 16] . Exosomes are small particles of nm that are derived from the fusion of multivesicular bodies to plasma membranes, and they are secreted into the extracellular environment by most cells. Tetraspanins, such as CD9 and CD81, are characteristic markers and membranous components of exosomes [17] [18] [19] [20] [21] . CD9 is a transmembrane protein associated with angiogenesis via cell adhesion, migration, and signal transduction, and it is involved in cell fusion processes linked to fertilization, osteoclastogenesis, and myogenesis [22] [23] [24] [25] [26] [27] [28] [29] [30] . Eggs and dendritic cells from CD9-deficient mice release reduced levels of exosomes [31, 32] . Recent studies have shown that extracellular vesicles, such as exosomes derived from MSCs, mediate regenerative functions in several diseases, including those affecting the kidney and heart [33] [34] [35] . We also reported that MSC-derived exosomes promote muscle regeneration by enhancing myogenesis and angiogenesis [36] . Although the paracrine effect of MSCs has been suggested to be the major mechanism driving tissue regeneration after MSC transplantation, the paracrine factors produced by MSCs have not been completely defined. The objective of this study was to address the function of MSC-derived exosomes as novel paracrine factors in fracture healing by using a mouse model of fracture.
MATERIALS AND METHODS

Animals
C57BL/6 wild-type mice were obtained from CLEA Japan Inc. (Tokyo, Japan, http://www.clea-japan.com). CD9 2/2 mice on a C57BL/6 background were described previously [28] and were bred in our institution. This study was reviewed and approved by the Ethics Committee for Experimental Animals of Hiroshima University, and all animals were treated according to the guidelines of the Institutional Animal Care and Use Committee.
Fracture Model
The fracture model involved 77 male mice between 17 and 19 weeks old. A transverse femoral shaft fracture was generated by using a C-shaped instrument applying three-point bending.
The right knee was exposed by using the lateral parapatellar approach with the patella medially dislocated. The femur intercondylar groove was exposed at the knee joint by full flexion, and a burr hole of 0.5-mm diameter was made in the center of the intercondylar groove. To avoid significant displacement of the fracture while maintaining a well-aligned and stable fracture site, a 0.5-mm-diameter 24-gauge needle was inserted into the burr hole at the center of the intercondylar groove, and the tip of the needle was run through the top of the femur greater trochanter. A thin saw cut at a depth of 3 mm was applied midshaft after minimal lateral exposure to weaken the bone and to avoid complex fractures. The right femur of each animal was fractured by a three-point bending technique [3, 37] , after which the muscular fasciae and skin were closed.
Radiologic Analysis for Bone Union
X-ray and microcomputed tomography (mCT) imaging were performed by using a high-resolution Skyscan 1176 in-vivo micro-CT (Bruker, Madison, WI, https://www.bruker.com). Three-dimensional CT images were recreated by CTAn (version 1.15) + CTVol (version 2.3) software (Bruker). The bone densities of the femur shafts of wild-type mice (n = 10) and CD9 2/2 mice (n = 10) were measured by computed tomography using CTAn (version 1.15) + CTVol (version 2.3) software (Bruker). Radiographic imaging was performed at 0, 1, 2, 4, and 6 weeks after fracture. Bone union was defined as the presence of a bridging callus on two cortices [3] .
Histological Evaluation
The femurs of 1-month-old wild-type and CD9 2/2 mice were harvested at 3 and 10 days after fracture. These samples were embedded in paraffin after fixation in 4% paraformaldehyde at 4°C for 24 hours and decalcification in 10% EDTA (Wako, Osaka, Japan, http://www.wako-chem.co.jp) at room temperature for 14 days. The femurs were sectioned (4.5-mm slices) along the longitudinal axis with a microtome and stained with Toluidine blue (SigmaAldrich, St. Louis, MO, http://www.sigmaaldrich.com), hematoxylin and eosin (H&E) (Sigma-Aldrich), and tartrate-resistant acid phosphatase (TRAP) (Wako) for analysis of histologic differences. At least two different sections per sample were analyzed microscopically. Fracture healing was evaluated by using a histological score of fracture healing [38] . TRAP-positive cells' mm 2 field was counted.
Immunohistochemical Analysis
Sections from paraffin-embedded femur were first deparaffinized in xylene and rehydrated in ethanol and water. After washing with PBS, sections were blocked with 10% serum for 20 min at room temperature. Antibodies to a-smooth muscle actin (aSM) (Abcam, Austin, TX, http://www.abcam.com; ab5694; 1:200) were added and incubated overnight at 4°C. After washing with phosphate-buffered saline (PBS), sections were incubated with biotinylated secondary antibody for 30 minutes at room temperature and then incubated with Vectastain ABC-AP alkaline phosphatase (Vector Laboratories, Burlingame, CA, http://vectorlabs.com) for 30 min. Slides were washed, and sections were incubated with alkaline phosphatase substrate (Vector Laboratories).
Preparation of Conditioned Medium and Isolation of Exosomes
Human bone marrow-derived MSCs (MSCs) were obtained from Lonza (Basel, Switzerland, http://www.lonza.com) and cultured in MSC growth medium (Lonza). The human osteosarcoma cell line HOS was obtained from the American Type Culture Collection and maintained in Dulbecco's Modified Eagle's Medium (DMEM; Wako) with 10% fetal bovine serum and 1% antibiotic-antimycotic solution (Nacalai Tesque, Kyoto, Japan, http://www.nacalai.co.jp). The MSCs were cultured at 37°C under 5% CO 2 , and MSCs at passages 4-6 were used for all experiments. MSCs were seeded at 1.0 3 10 5 per well in a six-well plate with MSC growth medium. One day later, the cells were washed with serum-free DMEM and cultured with 2 ml/well serum-free DMEM for 48 hours. To isolate the exosomes, 2 ml of conditioned medium (CM) was collected and centrifuged for 15 minutes at 2,380g and then further ultracentrifuged for 70 minutes at 180,000g at 4°C. The supernatants were collected as exosome-depleted conditioned medium (CM-Exo). The exosome pellets were resuspended in 100 ml of PBS. The exosomes isolated from the same volumes of culture medium and from the same numbers of cells were resuspended in PBS or DMEM. CM and CM-Exo were concentrated by using Amicon Ultra-2 centrifugal filters (EMD Millipore, Billerica, MA, http://www.emdmillipore.com), according to the recommended protocol. For local injection into a femur fracture model of CD9 2/2 or wild-type mice, 100 ml of exosomes, CM, or CM-Exo was injected into the fractured part at 1 and 8 days after fracture.
Immunoblotting of Exosome Markers
Proteins from CM, CM-Exo, and exosomes were separated on Mini-Protean TGX Precast Gels (Bio-Rad Laboratories, Hercules, CA, http://www.bio-rad.com) and transferred to a poly(vinylidene) difluoride membrane (Bio-Rad Laboratories 
The High-Resolution Frequency Transmission Electric-Field System
We recently developed a high-resolution frequency transmission electric-field (FTE) imaging system based on field emission scanning electron microscopy (SEM) of JSM-7000F (JEOL, Tokyo, Japan, http://www.jeol.co.jp), which enables observation of the biological specimens in water without metal staining [39] . Exosomes were imaged by using the FTE imaging system. The observation conditions were captured under the following parameters: 320,000 magnifications, 1,280 3 1,024 pixels, 80-second scanning time, 7-mm working distance, 3-to 4-kV accelerating EB, and 10-pA current. Original FTE images were filtered by using a two-dimensional Gaussian filter (GF) with the kernel size of 7 3 7 pixels and the radius of 1.2s. Background subtraction was achieved by subtracting FTE images from the filtered images using a broad GF (400 3 400 pixels, 160s).
Cytokine/Growth Factor Assay
Profiling of angiogenesis-related proteins (55 proteins) and cytokines (102 proteins) in CM, CM-Exo, and exosomes was undertaken by using a Human Angiogenesis Array kit and a Human XL Cytokine Antibody Array kit (Proteome Profiler, R&D Systems, Minneapolis, MN, https://www.rndsystems.com), according to the recommended protocols. The concentrations of monocyte chemotactic protein-1 (MCP-1), MCP-3, and stromal cell-derived factor-1 (SDF-1) in the CM, CM-Exo, and exosomes from MSCs and HOS were quantified by using the Bio-Plex Multiplex suspension assay system (Bio-Rad Laboratories), according to the recommended protocol.
Nanostring nCounter microRNA Analysis
Small RNAs were purified from MSC and HOS exosomes by using the mirVana miRNA Isolation Kit (Thermo Fisher Scientific Life Sciences, Oakwood Village, OH, https://www. thermofisher.com). Purified small RNAs were concentrated by using an evaporator. The concentrations and quality of the small RNAs from the same volumes of culture medium for the same numbers of cells were determined with the BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA, http:// www.agilent.com), and small RNA was used as the input for the nCounter Human miRNA Expression Assay Kit (NanoString Technologies, Seattle, WA, http://www.nanostring.com) as described previously [36] .
Statistical Analysis
All quantitative data are expressed as mean 6 SD. (Fig. 1A, 1B) . Furthermore, to confirm whether there was an inherent difference in bone growth, we measured the width of the tibial growth plates in wild-type and CD9 2/2 mice at 1 month old. The widths of the tibial growth plates were significantly reduced in CD9 2/2 mice compared with wild-type mice (Fig. 1C) . Next, we examined the process of fracture healing in CD9 2/2 mice. Wild-type mice exhibited endochondral ossification through callus formation 2 weeks after fracture, and bone union was apparent at 3 weeks ( Fig. 2A) . However, CD9 2/2 mice showed a significant delay in fracture healing compared with wild-type mice. Bone union rate was 25% in CD9 2/2 mice at 3 weeks after fracture, which was significantly lower than wild-type mice (Fig. 2B) . The average period for bone union in CD9 2/2 mice was also significantly longer than wild-type mice (data not shown). Histological analyses of the fracture revealed that endochondral ossification was particularly delayed in CD9 2/2 mice compared with wild-type mice (Fig. 2C ) at 2 and 3 weeks after the fracture. Overall, these results showed that healing capacity was decreased in CD9 We examined whether delayed fracture healing in CD9 2/2 mice was rescued by injection of MSC-derived exosomes. Exosomes were isolated from MSC-conditioned medium by ultracentrifugation (Fig.  3A) . Exosome markers CD9, CD81, and flotillin-1 were examined in the conditioned medium (CM), supernatant (CM-Exo), and exosome pellet after ultracentrifugation by immunoblotting. Exosome markers were detected in the CM and exosome preparations, but not in the CM-Exo, after ultracentrifugation (Fig. 3B) . The FTE imaging system was directly able to image the untreated exosomes in solution. These exosome images clearly showed a spherical shape of approximately 80 nm (Fig. 3C) . The CM-Exo was less than exosome preparations (Fig. 3C) .
To examine the effect of exosomes on fracture healing in CD9 2/2 mice, 100 ml of CM, CM-Exo, or exosomes were injected into the fracture site. Delayed fracture healing in CD9 2/2 mice was rescued by the injection of CM and exosomes (Fig. 4A) . The injection of CM and exosomes was associated with abundant callus formation 2 weeks after fracture; bone union at 3 weeks after fracture was similar to wild-type mice. However, delayed fracture healing in CD9 2/2 mice was not rescued by CM-Exo (Fig. 4A) . The average period for bone union was significantly different between MSC exosome-treated and CM Exo-treated or control groups (Fig. 4B) . These results indicated that exosomes rescued delayed fracture healing in CD9 2/2 mice. Histological analysis with toluidine blue and H&E staining revealed that there was accelerated formation of hypertrophic chondrocytes and woven bone in the exosome-injected CD9 2/2 mice, and there was significant improvement in fracture healing in exosome-injected CD9 2/2 mice compared with PBS-injected control CD9 2/2 mice (Fig. 4C, 4D) . Indeed, many TRAP-positive cells were present in the calluses of exosome-injected CD9 2/2 mice 10 days after surgery, whereas very few TRAP-positive cells were detected in the calluses of control mice (Fig. 4D) . Cells positive for the vascular marker aSM were also increased in calluses of exosome-injected CD9 2/2 mice, in contrast to calluses of PBS-injected CD9 2/2 mice (Fig. 4D) . Overall, these data are consistent with supplementing exosomes facilitating an improved fracture healing process in CD9 2/2 mice. Furthermore, to examine whether the promotion of fracture healing by exosomes depends on MSCderived exosomes specifically, exosomes collected from the human osteosarcoma cell line HOS were injected into fractured femurs of CD9 2/2 mice and compared with mice treated with MSC exosomes. Although MSC exosomes promoted callus formation at 10 days after the fracture, HOS exosomes failed to promote callus formation (Fig. 4E) .
MSC Exosomes Promote Fracture Healing in Wild-Type Mice
CM, CM-Exo, and MSC exosomes were injected into the fractured femurs of wild-type mice to examine whether exosomes promote fracture healing in the wild-type context. Although the injection of CM and exosomes promoted bone union at 2 weeks after fracture, bone union was not enhanced by CM-Exo in wild-type mice (Fig. 5A) . The timing of bone union was significantly shorter in mice treated with CM and exosomes compared with the control and CM-Exo groups (Fig.  5B) . These results indicated that exosomes promote fracture healing in wild-type mice.
Cytokines and microRNAs in MSC Exosomes
Cytokine antibody arrays (102 proteins) and angiogenesis antibody arrays (55 proteins) were used to identify proteins that were present in CM, CM-Exo, and exosomes preparations. Interestingly, these assays revealed that the levels of cytokines and angiogenic factors such as vascular endothelial growth factor (VEGF) in MSC exosomes were lower than those in CM and CM-Exo (supplemental online Fig. 1A, 1B) . To more accurately assess the concentrations of the cytokines, MCP-1, MCP-3, and SDF-1, all known to be essential for fracture healing [11] [12] [13] [14] , the levels of these factors in CM, CM-Exo, MSC exosomes, and HOS exosomes were quantified by using a Bio-Plex system (Fig. 5C ). SDF-1, MCP-1, and MCP-3 levels in MSC exosomes were significantly lower than the levels in CM and CM-Exo (Fig. 5C ).
To assay microRNAs (miRNAs) in MSC exosomes, we compared MSC exosomes with HOS exosomes using the NanoString (n = 15) mice. Radiographic imaging by x-ray and bone union rate were performed at 0, 1, 2, 4, and 6 weeks after the fracture. Statistical analysis was performed by Pearson's chi-square test. p, p , .05. (C): The femurs of WT and CD9 2/2 mice were harvested at 2 and 3 weeks after fracture. After radiographic imaging by x-ray and mCT was performed, the femurs were stained with Toluidine blue, and H&E. Scale bars = 100 mm. Abbreviations: mCT, microcomputed tomography; PO, postoperative; 0W, 0 weeks; WT, wild-type mice. 5 cells per well in a six-well plate with MSC growth medium. One day later, the cells were washed with serum-free DMEM and cultured with 2 ml per well serum-free DMEM for 48 hours. To isolate the exosomes, 2 ml of conditioned medium (CM) was collected and centrifuged for 15 minutes at 2,380g and then further ultracentrifuged for 70 minutes at 180,000g. The supernatants were collected as exosome-depleted conditioned medium. The pellets were resuspended in PBS for use as exosomes. 2/2 mice. The femurs of PBS control and Exo-treated CD9 2/2 mice were assayed 10 days after fracture. The femurs were stained with Toluidine blue (PBS, n = 6; Exo, n = 5), TRAP (PBS, n = 4; Exo, n = 4), and aSM antibody (PBS, n = 4; Exo, n = 4) for histologic analysis of callus. Scale bars = 200 mm (right column) and 100 mm (left column). (D): Quantification of fracture healing, osteoclasts (TRAP) and angiogenesis (aSM) in calluses. Values were expressed as mean 6 SE. Statistical analysis was performed by Mann-Whitney U test, p, p , .05. (E): Representative radiologic images and mCT images of femurs. The femurs of PBS-injected control CD9 2/2 mice, MSC-Exo-treated CD9 2/2 mice, and HOS-Exo-treated CD9 2/2 mice were harvested at 10 days after fracture. The femurs were stained with Toluidine blue (PBS, n = 6; MSC-Exo, n = 5; HOS-Exo, n = 5) for histologic analysis. Scale bars = 100 mm. Fracture healing scores were generated after histological evaluation. Statistical analysis was performed by Steel-Dwass test. p, p , .05. Control, no injection group. Abbreviations: CM, conditioned medium; CM-Exo, exosome-depleted conditioned medium; mCT, microcomputed tomography; Exo, exosomes; HOS, human osteosarcoma cells; MSC, mesenchymal stem cell; PBS, phosphate-buffered saline; aSM, a-smooth muscle actin; TB, Toluidine blue; TRAP, tartrate-resistant acid phosphatase; 0W, 0 weeks; WT, wild type. system. We previously described the top 20 most highly expressed miRNAs in MSC exosomes and CM-Exo [36] . The top 30 most highly expressed miRNAs in MSC and HOS exosomes were very similar (Table 1 ). Differentially expressed miRNAs are shown as the ratio of miRNA expression level in MSC to HOS exosomes (Table 2) . Of the top 10 listed in Table 2 , miR-4532, miR125b-5p, and miR-4516 also appeared in the top 30 most highly expressed miRNAs in MSC exosomes (Table 1) . miR-338-3p and miR-548aa were expressed at more than threefold higher levels in MSC exosomes relative to CM-Exo.
DISCUSSION
Impaired tissue repair has been linked to compromised chemotaxis [24] , vascularization [22, 23] , and cell fusion [26] in CD9 2/2 mice [40] [41] [42] . In addition to these phenotypes, exosome release is reduced in these mice [31, 32] . Thus, we hypothesized that impaired fracture healing in CD9 2/2 mice may be linked to compromised exosome release compared with wild-type mice, and augmented fracture healing might be achieved in this mouse model by supplementing exosomes. In this study, there were no significant differences in weight and bone density between wild-type and CD9 2/2 mice at 17 weeks old. Although in vitro studies show that CD9 positively regulates osteoclastogenesis via cellular fusion and MAPK signaling [29, 30] , osteoclast activity under the tibial growth plate is similar in wild-type and CD9
2/2
mice at 8 weeks old [43] . Similarly, there were also no obvious differences in osteogenesis between wild-type mice and CD9/ CD81 double-knockout mice [43] . Thus, these data suggest that osteoclastogenesis and osteogenesis are normal in CD9
mice. However, our study revealed that the width of the tibial growth plate was significantly reduced in CD9 2/2 mice compared with wild-type mice at 1 month old. These results may indicate that the initial phase of endochondral ossification, including chondrocyte proliferation and hypertrophic differentiation, was impaired in this model system. Indeed, CD9 2/2 mice exhibited retardation of callus formation compared with wildtype mice. Furthermore, cell recruitment is known to be important in the initial phase of fracture healing. The expression of CD9 on stem cells, including CD34 + hematopoietic stem cells, regulates migration, adhesion, and homing [44, 45] . Thus, the retardation of fracture healing in CD9 2/2 mice might be related to impaired homing of stem and progenitor cells to the fracture site. However, in our study, the expression of CD9 did mice. The therapeutic potential of MSCs continues to receive widespread attention [10] . We therefore focused on the therapeutic implications of MSC exosomes as a novel paracrine factor secreted by MSCs. The present study showed that CM and MSC exosomes accelerate fracture healing. However, exosomes derived from HOS, an osteosarcoma cell line, did not have this capability. Previously, it was reported that serumfree conditioned medium derived from human MSCs accelerates callus formation in a mouse distraction osteogenesis model. MCP-1/-3 and interleukin-3 (IL-3)/IL-6 in CM recruit bone marrow stromal cells, mature endothelial cells, and progenitor cells, and induce angiogenesis and osteogenic differentiation [14] . Another group also reported that MCP-1 and SDF-1 promote endochondral bone repair by recruiting MSCs to the site of injury [12, 13] . These studies demonstrated the functional capabilities of MCP-1 and SDF-1 using neutralizing antibodies in MCP-1 2/2 and SDF-1 +/2 mouse models. However, our data revealed that the MCP-1, MCP-3, and SDF-1 concentrations in MSC exosomes were significantly lower than in CM and/or CM-Exo. Interestingly, although CM-Exo was not able to promote fracture healing, the levels of several angiogenic factors, SDF-1, MCP-1, and MCP-3, in CM-Exo were higher than in MSC exosomes. Notably, MCP-1 levels were markedly low in HOS exosomes compared with MSC exosomes. Angiogenesis also plays an important role in fracture healing [46] . CM contains high levels of angiogenic factors such as VEGF and IL-6 and enhances bone ingrowth and fracture healing by stimulating endothelial cells [47] . However, as we previously reported, although VEGF and IL-6 levels in MSC exosomes are low compared with CM and CM-Exo, MSC exosomes induce angiogenesis to a greater extent [36] . These results suggest that the acceleration of fracture healing by MSC exosomes is not solely attributable to MCP-1, -3, SDF-1, and angiogenic factors. Exosomes contain mRNAs and miRNAs, as well as cytokines, and functional RNAs can be transferred from one cell to another via the exosome [48] [49] [50] . We previously identified miRNAs in MSC exosomes, CM, and CM-Exo. Among them, miR-21, an antiapoptotic miRNA, was most abundant in MSC exosomes and MSC-CM [36] . MiR-21 promotes osteogenic differentiation of MSCs [51, 52] , and local injection of miR-21 overexpressing MSCs promotes fracture healing in a rat model [53] . Our analysis revealed that the levels of miR-21 were high in both HOS and MSC exosomes. Many highly expressed miRNAs in MSC exosomes were similar to those in HOS exosomes. Highly expressed miRNAs are common in exosomes from many different cells [36, 54, 55] . However, among the top 30 most highly expressed miRNAs in MSC exosomes, several, such as miR-4532, miR-125b-5p, and miR-338-3p, were more abundant or were significantly differentially expressed in MSC exosomes relative to HOS exosomes or CM-Exo. These miRNAs are still unknown to be involved in tissue regeneration, including fracture healing. Thus, a future study probably should be more focused on stem cell-specific miRNA. Although it is difficult to determine which miRNA contributed most to the acceleration of fracture healing by MSC exosomes, miRNA in MSC exosomes may play a critical role in tissue regeneration as a unique set of miRNA. The acceleration of fracture healing by MSC exosomes may not only be related to the recruitment of stem cells or progenitor cells by cytokines such as MCP-1 and SDF-1, but also the induction of osteogenesis and angiogenesis, which is at least in part mediated by miRNAs in exosomes. MiRNAs control tissue development and homeostasis through fine-tuning gene expression [56] . MSC-exosome miRNAs might contribute to the dynamics of tissue regeneration by influencing the microenvironment at the repair site. Furthermore, it was recently reported that exosomes are effective carriers of siRNA and miRNA [57] [58] [59] . Thus, engineered exosomes may be a potentially efficient RNA delivery system for the treatment of various diseases and tissue regeneration, and MSC exosomes may provide a useful tool to uncover new mechanisms involved in tissue repair.
CONCLUSION
This study demonstrated that MSC-derived exosomes play an important role in fracture healing through facilitation of endochondral ossification. The injection of exosomes rescued the retardation of fracture healing in CD9 2/2 mice, whereas exosome-free conditioned culture medium (CM-Exo) failed to accelerate fracture repair. Thus, we conclude that exosomes are a novel component of the paracrine effect of MSCs, which modulate fracture healing. Exosomes may contribute significantly to the mechanism of tissue regeneration by MSC transplantation.
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